The thermostable ␣-galactosidases AgaA and AgaB are of industrial interest and have different catalytic properties despite having a high sequence identity. Results: The crystal structures helped to explain the specificities of these two isoenzymes. Conclusion: The A355E substitution modulates the induced fit mechanism. Significance: Transglycosylation is increased by a single substitution that is located away from the active site.
␣-Galactosidases (␣-D-galactoside galactohydrolases; EC 3.2.1.22) are widely distributed in animals, plants, and microorganisms. They catalyze the hydrolysis of terminal, non-reducing ␣-D-galactose residues from ␣-D-galactosides, including galactose oligosaccharides and polysaccharides, galactolipids, and glycoproteins. They are also known to catalyze transgalactosylation reactions at high concentrations of substrate (1) . ␣-Galactosidases have many interesting biotechnological applications such as in animal feed processing and the pulp, paper, and sugar-producing industries where they improve the yield of sucrose by eliminating raffinose from sugar beet syrup (2) (3) (4) .
Glycoside hydrolases (GHs) 3 are currently divided into 130 families in the CAZy database according to homology and catalytic criteria (5) . ␣-Galactosidases are classified into the families GH27, GH4, GH36, GH57, GH97, and GH110. Members of the families GH27, GH36, and GH31 (␣-glucosidases and ␣-xylosidases) share a common catalytic mechanism and structural topology and form the glycoside hydrolase clan GH-D (6) .
The GH27 family has been extensively studied, and numerous ␣-galactosidase structures from different species (bacteria and eukaryotes) have been determined (7) (8) (9) (10) (11) (12) (13) . These structures are composed of two domains: the catalytic domain with a conserved (␤/␣) 8 barrel topology and similar active sites and the C-terminal domain. Their hydrolytic mechanism, which is common to GH36 members, proceeds with retention of the stereochemistry at the anomeric center of the substrate through a double displacement mechanism. Catalysis is mediated by two aspartate residues acting in concert as a nucleophile and a proton donor (14, 15) .
Less structural information is available for the GH36 members. The crystal structures of the ␣-galactosidases from the hyperthermophilic microorganism Thermotoga maritima (Protein Data Bank code 1zy9; 564 residues) and the microorganism Lactobacillus brevis (Protein Data Bank code 3mi6; 745 residues) have been deposited in the Protein Data Bank without accompanying publications. Those two enzymes exhibit different oligomeric states and share low sequence identity (14%). They display the same (␤/␣) 8 barrel topology and a supplemental N-terminal domain, which is absent in the GH27 family. More recently, the crystal structures of two GH36 ␣-galactosidases from Lactobacillus acidophilus (Protein Data Bank code 2xn2; 732 residues) and Ruminococcus gnavus (Protein Data Bank code 2yfn; 720 residues) were determined (16, 17) . They exhibit the same tetrameric organization as the L. brevis ␣-galactosidase, and the structure provides insight into the recognition of monosaccharides at the active site.
The two ␣-galactosidases presented herein are encoded by the genes agaA and agaB from the thermophilic microorganism Geobacillus stearothermophilus strain KVE39, which was isolated from Icelandic hot springs (4) . AgaA and AgaB are composed of 729 amino acids each, share an identity of 97% (22 amino acids are different), and belong to the GH36 family. Despite their high sequence similarity, the AgaA and AgaB isoenzymes exhibit different catalytic properties. AgaA is of great interest for industrial applications because it is highly stable and active at 338 K (industrial processes require high temperatures) and has high affinity and hydrolytic activity against raffinose. AgaB has a lower affinity toward raffinose and reaches maximum activity at 323 K. Nevertheless, AgaB displays a better transglycosylation activity and is of interest for the enzymatic synthesis of disaccharides, which are difficult to obtain in large scale via classical organic synthesis (1, 18) . Interestingly, a single mutant of AgaA, AgaA A355E , exhibits catalytic properties that are similar to those of AgaB, whereas the E355A substitution in AgaB restores the catalytic properties of AgaA (19) .
We solved the crystal structures of AgaA and AgaB and determined the structures of the mutant AgaA A355E alone and in complex with 1-deoxygalactonojirimycin, a competitive inhibitor of ␣-galactosidases. The crystal structures of two catalytic mutants of AgaA A355E complexed with raffinose (Gal(␣1-6)Glc(␣1-2␤)Fruf) and stachyose (Gal(␣1-6)Gal-(␣1-6)Glc(␣1-2␤)Fruf) were also determined. Site-directed mutagenesis at position 336 of AgaA and kinetic studies show that the mutant W336F exhibits distinct enzymatic characteristics that are close to those of AgaB. These structural and molecular results explain the differences regarding activity efficiency and temperature tolerance between AgaA and AgaB. The structures also provide novel insights into substrate recognition at the sugar subunits Ϫ1 to ϩ3 as defined in the nomenclature for sugar-binding subsites in glycoside hydrolases (20) .
EXPERIMENTAL PROCEDURES
Construction, Expression, and Purification of Enzymes-The ␣-galactosidases AgaA, AgaA A355E , and AgaB were overexpressed in Escherichia coli RM448 cells harboring the pBTac plasmid derivatives pAMG21, pHWG8, and pAM22 as described elsewhere (20) .
The truncated form of AgaA, which lacks the first nine residues, was constructed by PCR amplification of the agaA gene using the oligonucleotides S7573 (gcgaattcatatgAAGCAGTT-TCATTTGCGGGC) introducing an EcoRI linker and S7574 (gcctgcagTTATTGTTGAACAGCTTTC) with a PstI linker from the template plasmid pAMG21. After digestion with EcoRI and PstI, the 2178-bp fragment was inserted into pBTac1 to create the plasmid pHWG915. The active site AgaA A355E mutants D478A and D548N were obtained by site-directed mutagenesis following the QuikChange site-directed mutagenesis protocol (Stratagene). The mutations were generated using two synthetic oligonucleotides: D478A: S7746 (5Ј-GTGAAATGGGCTATGAACCGCCACATGACG-3Ј) and S7747 (5Ј-TCATGTGGCGGGTTCATAGCCCATTTTC-ACG-3Ј); D548N: S7362 (5Ј-AAACGTGGACTAGTAACAA-CACCGATGCCG-3Ј) and S7363 (5Ј-GCATCGGTGTTGTT-ACTAGTCCGCGTTTGC-3Ј) where the mutations are in bold face, and the silent mutations are indicated in italics. The silent mutations introduced a recognition site for the restriction enzyme SpeI in the D548N oligonucleotides and a deletion for an NdeI site in the D478A oligonucleotides. The linear amplified mutant plasmid was transformed into electrocompetent E. coli DH5␣ cells and yielded pHWG910 (D548N) and pHWG933 (D478A). These sequences were confirmed by DNA sequencing. For expression of the genes, the plasmids were transformed in E. coli RM448.
Expression and purification of both native ␣-galactosidases and mutant enzymes followed the protocol described (20) . In short, after disruption of the E. coli cells, the cell-free extracts were fractioned by anion-exchange chromatography on an EMD dimethylaminoethyl (DMAE) (Merck) and a Mono Q-HR 5/5 column (GE Healthcare). A final purification step was performed with a Superdex 200 column. The purified proteins were concentrated to 10 mg/ml by ultrafiltration and kept in 10 mM HEPES, pH 7.0.
Enzyme Assay-The ␣-galactosidase activity was determined as described (20) in 100 mM potassium phosphate buffer, pH 6.5, at 298 K. The rate of raffinose hydrolysis was determined by assessing the amount of galactose released using HPLC as described (18) . Protein concentrations were determined by the Bradford method using bovine serum albumin as a standard.
Kinetic parameters (apparent Michaelis constant K m and k cat ) were determined for the substrates para-nitrophenyl-␣-galactopyranoside (pNP-␣Gal) and raffinose and were obtained by curve fitting analysis using KalaidaGraph (version 4.1 Synergy software). The inhibition of enzyme activity by 1-deoxygalactonojirimycin was measured at various concentrations of inhibitor (0.5-5 M) using pNP-␣Gal as substrate. LineweaverBurk plots were performed for determination of the inhibition mode, and Dixon plots were used to calculate K i . Transglycosylation reactions of Aga enzymes were performed by following the autocondensation reaction with the substrate pNP-␣Gal as described (1) . Products of hydrolysis (pNP) and transglycosylation (pNP-␣Gal(␣1-6)Gal) were separated by thin layer chromatography and visualized under UV light at 254 nm. The amount of transglycosylation product obtained was judged qualitatively (supplemental Fig. S1 and Table 2) .
Crystallization-AgaA A355E and AgaB were crystallized in different space groups as described previously (21) . We tried to grow new AgaB crystals but were not successful. We recently obtained crystals of a truncated form of AgaA starting at residue 10 (AgaA-⌬9). The crystals of truncated AgaA (6.9 mg/ml in 10 mM HEPES, pH 7.0) were obtained using the vapor diffusion method from a solution containing 80 mM sodium acetate, 20% polyethylene glycol 4000 (w/v), and 6.4% isopropanol (w/v) at a temperature of 292 K with a 1:1 ratio of protein to reservoir solution. Although the crystallization condition was similar to that of AgaA A355E , the AgaA crystals were extremely small and fragile and diffracted poorly. Only one crystal gave data to 3.2-Å resolution.
Complexes were observed for the AgaA A355E type crystals, which were easily reproducible and diffracted routinely to 2.6-Å resolution. The 1-deoxygalactonojirimycin complex was obtained by soaking a crystal of AgaA A355E for 2 min in a 2-l stabilizing solution (a reservoir solution in which the polyethylene glycol was increased to 30%) containing 5 mM inhibitor and 10% ethylene glycol (v/v) as cryoprotectant. The crystals were cooled to 100 K in liquid nitrogen before data collection.
AgaA A355E is active within a large pH range (22, 23) , and the crystals dissolve at extreme pH values. All attempts to obtain the crystal structures of enzyme-substrate complexes at a high or low pH where the enzyme is inactive were unsuccessful. A raffinose complex was obtained with the inactive catalytic mutant AgaA A355E,D548N . The crystallization conditions were similar to those of AgaA A355E , and large crystals of AgaA A355E,D548N (9.2 mg/ml in 10 mM HEPES, pH 7.0) were grown from a solution containing 200 mM potassium acetate and 20% polyethylene glycol 3350 (w/v) at a pH of 8.1, a temperature of 289 K, and a 2:1 ratio of protein to reservoir solution. A crystal was soaked for 15 min in a 2-l stabilizing solution containing 150 mM raffinose and 10% ethylene glycol (v/v).
With the ligand stachyose, the best diffracting crystal (3.6-Å resolution) was obtained by co-crystallization with the catalytic mutant AgaA A355E,D478A . This crystal (AgaA A355E,D478A , 9.8 mg/ml in 10 mM HEPES, pH 7.0) was obtained from a solution containing 100 mM Tris, pH 8.5, 12% polyethylene glycol 4000 (w/v), and 20 mM stachyose at a temperature of 292 K with a 1:1 ratio. It was rapidly soaked in a stabilizing solution containing 10% (v/v) ethylene glycol and flash frozen.
X-ray Diffraction Experiments and Structure DeterminationSynchrotron data were collected at 100 K on the MX beamlines at the European Synchrotron Radiation Facility in Grenoble, France and the PXIII beamline at the Swiss Light Source in Villigen, Switzerland. The programs XDS and XSCALE were used for data reduction and scaling (24) . The high resolution data set collected from an AgaB crystal in 2006 (20) was recently reprocessed, and the resolution could be extended to 1.8 Å with satisfactory statistics. The phase problem was solved by molecular replacement with MOLREP (25) using L. brevis ␣-galactosidase as the search model. Five percent of the randomly selected reflections were kept apart for cross-validation, and the crystallographic refinement was performed with Phenix (26) . After each cycle, the model was manually improved using the graphic program Coot (27) . The structures of 1-deoxygalactonojirimycin and raffinose were extracted from the Protein Data Bank. A structure for stachyose is absent from the Protein Data Bank, and a model was generated with the program eLBOW (28) . Non-crystallographic symmetry (NCS) restraints were maintained throughout the refinement in Phenix of the low resolution structure of AgaA A355E,D478A complexed with stachyose. The quality of the final crystal structures was assessed with PROCHECK (29) prior to deposition at the Protein Data Bank under the codes 4fnp (AgaA A355E ), 4fnq (AgaB), 4fnr (AgaA-⌬9), 4fns (AgaA A355E with 1-deoxygalactonojirimycin), 4fnt (AgaA A355E,D548N with raffinose), and 4fnu (AgaA A355E,D478A with stachyose). A pairwise structure comparison was accomplished with the program SUPERPOSE from the CCP4 suite (30) . Images were generated with PyMOL.
RESULTS
Structure Determination of AgaA/B-The refinement statistics of the final models are presented in Table 1 . The final AgaB 1.8-Å electron density map was of excellent quality, but the segment 46 -49, which is located at the protein surface, was not visible. The loop 46 -49, despite having high temperature factors, was visible and built in AgaA and AgaA A355E . Residues 1-9, which form the first ␤-strand and were visible in AgaB due to crystal packing, were not observed in AgaA A355E . The flexibility of the first nine residues in AgaA A355E gave us the idea to express the truncated form of AgaA, which was crystallized and refined with continuous electron density maps. The regions 335-350, 371-378, 386 -392, and 578 -586 show high temperature factors in AgaB. These loops were better defined in AgaA and AgaA A355E and did not diverge from the average temperature factor of the protein.
Although the isoforms studied are highly similar in sequence, they crystallize in different space groups. AgaA and AgaA A355E crystallize in the trigonal space group P3 2 21, and AgaB crystallizes in the orthorhombic space group I222 (21) . The AgaA and AgaA A355E crystals contain a tetramer with 222-point group symmetry in their asymmetric unit. The AgaB crystals contain one monomer in the asymmetric unit, and the tetramer is generated by a 222 crystallographic symmetry that coincides with the biological symmetry axes. Previous exclusion chromatography experiments indicate that Aga is tetrameric in solution (31) and further support the biological relevance of the observed structures. The quaternary structures of Aga can be described according to a PQR nomenclature in which P, Q, and R axes are coincident with the unit cell vectors a, b, and c in AgaB (Fig. 1A) .
Topology-The Aga protomer is compact and folds into three domains: N-terminal, catalytic, and C-terminal domains (Fig.  1A) . The N-terminal domain (residues 1-327) presents a ␤-supersandwich fold with 20 ␤-strands and four antiparallel ␤-sheets. It ends with a long ␣-helix, which is connected to the catalytic domain. One feature of interest is loop 50 -66 of the P-related monomer, which is implicated in the formation of the active cleft. A second loop (residues 196 -203) contributes to lining the active site. The central domain (residues 328 -634) presents a (␤/␣) 8 triose-phosphate isomerase barrel fold (32) , which is common to many glycoside hydrolases. It contains the active cleft with the fundamental catalytic residues Asp 478 (nucleophile) and Asp 548 (proton donor) at its bottom. The C-terminal domain (residues 635-727) presents a ␤-sandwich structure with a Greek key motif. It comprises one ␣-helix and eight ␤-strands that fold into two antiparallel ␤-sheets. It is the least conserved of the three domains. The loop 670 -675 of the R-related monomer also contributes to the formation of the active cleft (Fig. 1B) . 
b R factor and R free are given by
AgaA Versus AgaB-AgaA and AgaB differ by 22 residues. Eleven of these residues are located in the N-terminal domain, nine are in the catalytic domain, and the remaining two are in the C-terminal domain. These 22 residues are distributed all over the polypeptide chain and are not a part of the active cleft region. A C␣ superposition of the AgaA and AgaB monomers reveals a significant structural rearrangement of a 16-residue segment (residues 335-350) due to residue 355, which is an alanine in AgaA and a glutamate in AgaB. Residue 355 is located on the buried face of the first ␣-helix of the catalytic domain near the protein surface (Fig. 1B) . In AgaB, the carboxylate of Glu 355 is hydrogen-bonded to the extended side chain of Asn 335 . In AgaA, Ala 355 makes van der Waals contacts with neighboring residues, and a bent Asn 335 forms a hydrogen bond with the main-chain NH of Asn 366 . As a result, a significant 2.5-Å displacement of the segment 335-350 is observed between AgaA and AgaB (Fig. 1C) . This movement is confirmed in the AgaA A355E structure, which has a more defined electron density map. However, whereas the Asn 335 side chain of AgaA A355E is extended in monomers A, B, and C, it is bent in monomer D. As a consequence, the structure of the segment 335-350 in AgaA A355E is quasi-identical to that of AgaB for monomers A, B, and C and to that of AgaA for monomer D. This structural heterogeneity was observed in all tested AgaA A355E crystals and is probably due to crystal packing.
In addition to this segment, the tertiary and quaternary structures of AgaA, AgaB, and AgaA A355E are very similar and can be superposed with an root mean square deviation of 0.5 Å on all C␣ pairs. For the remainder of this report, the terms "AgaA-like structure" and "AgaB-like structure" will characterize the absence and the presence of the Glu 355 -Asn 335 interaction, respectively, and the accompanying shift of the segment 335-350.
The A355E Substitution-The single mutation A355E in AgaA is necessary and sufficient to transform AgaA into an AgaB-like enzyme with similar catalytic properties. Equally, the E355A mutation of AgaB restores the catalytic properties of AgaA (19). As described above, the A355E substitution induces the displacement of the segment bearing Asn 335 . This asparagine is adjacent to the invariant Trp 336 of the active site that is involved in substrate stacking at subsite Ϫ1 (16, 17) . The formation of the Glu 355 -Asn 335 pair in the AgaB-like structures leads to a remote position of Trp 336 at this subsite (Fig. 1C) . A sequence search of GH36 ␣-galactosidases shows that residue 355 is a glutamate in AgaB and a serine or alanine in the remaining members. Residue 335 can be an asparagine, a serine, or a threonine. Consequently, the Glu 355 -Asn 335 interaction and the movement of Trp 336 at subsite Ϫ1 are probably unique to AgaB. Molecular surface representations of the tetramer show an enlargement of the active cleft in the AgaB-like structures (Fig. 2, A and B) . This increase in active site accessibility has important repercussions for enzyme activity and substrate affinity and probably contributes to the different enzymatic properties of AgaA and AgaB.
AgaA A355E with a Bound Inhibitor, an Induced Fit Mechanism-The inhibitory effect of 1-deoxygalactonojirimycin on AgaA A355E was tested on the substrate pNP-␣Gal, and a K i of 0.2 Ϯ 0.03 M was determined. From the Lineweaver-Burk plots, the inhibition mode can be considered as competitive (data not shown). AgaA A355E crystals were easily reproducible and were therefore used for all of the co-crystallization and soaking experiments. Crystals of AgaA A355E were soaked with the competitive inhibitor 1-deoxygalactonojirimycin. Inspection of the 2.6-Å resolution F o Ϫ F c map reveals a bound inhibitor in the galactose binding pocket of each monomer that corresponds to subsite Ϫ1 (Fig. 3A ). An AgaA-like structure with a bent Asn 335 is also observed for each monomer, revealing a perfect example of an induced fit mechanism (33) with the rupture of the Glu 355 -Asn 335 pair and the associated movement of the invariant Trp 336 toward the ligand (Fig. 4A) . A water molecule substitutes for the amide group of Asn 335 and makes contact with the carboxylate of Glu 355 when the pair is broken. Hence, a deep pocket filled with water molecules is observed near Glu 355 (Fig. 4B ). This water pocket is not observed in AgaA where residue 355 is an alanine.
Inhibitor Binding-Apart than Trp 336 , no significant movement is observed in subsite Ϫ1 between the native and complexed AgaA A355E structures. The bound sugar ring adopts a chair conformation similar to ␣-galactose in the two structures of GH36 ␣-galactosidases complexed with reaction products (16, 17) . It is located between the catalytic nucleophile Asp 478 and the acid/base catalyst Asp 548 . These two fundamental residues are separated by 7 Å in accordance with retaining glycosidases (34) . The bound inhibitor establishes numerous hydrogen bonds with surrounding protein residues (Fig. 3A) of an N-acetyl-blocking loop at subsite Ϫ1 (7). This loop corresponds to the glycine-rich tetrapeptide Gly 528 -Gly 531 in Aga, which does not hydrolyze N-acetylgalactosides (31). Our liganded structure also shows that the terminal hydroxyl OH6 of the inhibitor is bound to Asp 367 and Arg 443 . These two residues sterically prevent the existence of any subsite Ϫ2 with a C6 glycosidic linkage.
Galactose is the C4 epimer of glucose and differs only in the configuration of OH4, which is axial in galactose and equatorial in glucose. In the complex, Trp 336 stacks perfectly against the C4-C5-C6 moiety of the galactose unit, whereas the axial OH4 is firmly bonded to Asp 366 , Trp 411 , and Lys 476 (Fig. 3A) . These structural features can explain the specificity of Aga for ␣-Dgalactosides and the importance of the invariant Trp 336 for substrate selection. The amino acids at subsite Ϫ1 are conserved in sequence among GH36 ␣-galactosidases, and similar patterns of protein-ligand interactions can be observed in the two structures of GH36 ␣-galactosidases with bound galactose (16, 17) .
Raffinose and Stachyose Binding-Until now, the only known structures of ␣-galactosidases complexed with polysaccharides were those of the GH27 human enzyme with melibiose (15) and the GH27 Saccharomyces cerevisiae enzyme with melibiose and raffinose (13) . To better characterize the subsites Ϫ1 to ϩ3 in GH36 ␣-galactosidases, the catalytic mutant AgaA A355E,D548N was soaked with raffinose, and the catalytic mutant AgaA A355E,D478A was co-crystallized with stachyose.
The 2.6-Å resolution electron density maps give indications of a bound raffinose in the active sites of monomers B, C, and D of AgaA A355E,D548N (Fig. 3B) . Monomer A is empty and retains an AgaB-like structure. Inspection of the crystal packing shows that the active cleft entrance is hindered in monomer A by crystal contacts involving residues 337-341. The bound raffinose of GH27 S. cerevisiae was used as a template (13) and manually positioned in the extra density of monomers B, C, and D. The conformation of the bound raffinose at subsites ϩ1 and ϩ2 differs significantly between the S. cerevisiae enzyme (GH27) and Aga because of the replacement of Phe 235 by Trp 199 at an equivalent position in Aga. As a result, the terminal fructose moiety is shifted by 5 Å between the two enzymes, and subsites ϩ2 do not superimpose (Fig. 4C) . The active site is highlighted by a black star. C, a superposition of the GH27 and GH36 active sites with bound raffinose. The C␣ traces of GH27 and GH36 ␣-galactosidases are colored in blue and red, respectively. The equivalent residues Phe 235 (GH27) and Trp 199 (GH36) are highlighted as sticks. The mutated catalytic residues are highlighted for GH27 and GH36 in gray and yellow, respectively. Raffinose is in cyan and green for GH27 and GH36, respectively. D, a superposition of the bound raffinose (green) and stachyose (yellow) with the C␣ traces in red and blue, respectively. Residue Asp 53 of the P-related monomer is also highlighted for both structures.
Extra density was observed in the 3.6-Å resolution F o Ϫ F c map of the co-crystallized stachyose-AgaA A355E,D478A , which displays a full AgaA-like structure. Hence, the problem of the accessibility of the monomer A active site was probably circumvented by the co-crystallization technique. Extra density was strong at the Ϫ1 and ϩ1 subsites and weaker at the ϩ2 and ϩ3 subsites (Fig. 3C) . No stachyose structure was available in the Protein Data Bank, so a model was generated and positioned into the electron density map. Although the refined stachyose fits well in the electron density, this structure has to be taken with caution because of the limited resolution of the data. Nevertheless, we can clearly observe that the bound stachyose has a pronounced kink at glucose ϩ2, whereas the bound raffinose has an extended shape (Fig. 4D) . The two oligosaccharides have a similar orientation in the cleft, and the pattern of proteinligand interactions at subsite Ϫ1 is very similar to that of the 1-deoxygalactonojirimycin complex.
The Positive Subsites-Contacts are less extensive at subsites ϩ1 to ϩ3, and Aga can accommodate various ␣-D-galactoside substrates such as raffinose and stachyose. An opposite orientation of the glucose unit is observed at the ϩ1 subsite between bound melibiose and bound raffinose in GH27 ␣-galactosidases (13). This reversal is necessary to position the subsequent sugar unit without steric clashes with the protein. For an identical reason, the ϩ1 sugar unit of our bound raffinose and stachyose is positioned with O5 pointing to the solvent. In raffinose, the OH4 and OH3 of the ϩ1 glucose unit is stabilized by Asn 480 , whereas in stachyose, the OH4 of the C4 epimer unit (galactose) is hydrogen-bonded to Arg 443 . Numerous aromatic residues are observed in the active site cleft, and the substrate contacts the bulky Trp 199 and the P-related Phe 56 at the ϩ1 subsite. The conformations of the bound raffinose and stachyose diverge at subsite ϩ2. Whereas the glucose ϩ2 of the stachyose protrudes from the sugar chain to interact with Tyr 340 , the terminal fructose of the extended raffinose is stabilized by Trp 199 and hydrogen-bonded to Asp 53 and Arg 65 of the P-related monomer. Moreover, the ϩ2 subsite in raffinose overlaps with the ϩ3 subsite in stachyose (Fig. 4D) . Thus, the terminal fructose of the bound stachyose is also hydrogen-bonded to the P-related Asp 53 and Arg
65
. These two residues together with Phe 56 belong to the P-related loop 50 -66, which delineates one face of the active cleft. This loop is not conserved in the sequences of GH36 ␣-galactosidases and is absent in GH27 ␣-galactosidases, which lack the N-terminal domain. As a consequence, the ϩ2 subsites are not conserved between the two described GH27 and GH36 structures, and ␣-galactosidases may well adopt different binding strategies to accommodate long ␣-galactosides.
Site-directed Mutational and Kinetic Studies-We further investigated the role of AgaA Trp
336 by measuring the effect of selected mutations at this position. Aliphatic, hydroxyl, polar, acidic, basic, and aromatic substitutions were tested (Ala, Ser, Asn, Asp, His, and Phe, respectively). Their hydrolysis and transglycosylation activities were measured and compared with that of the wild-type enzymes AgaA and AgaB (Table 2) . Of particular interest is the AgaA W336F mutant, which exhibits the highest hydrolytic efficiency against pNP-␣Gal with a V m /K m value between that of AgaB and AgaA. The hydrolytic efficiency against raffinose was severely reduced in this mutant but still comparable with that of AgaB. The transglycosylation level was high as in AgaB. Mutations with basic residues (e.g. His or Arg) led to mostly inactive enzymes. The remaining mutants tested exhibited low hydrolysis activities. The hydrolytic decline was compensated by a good transglycosylation activity for the small residue alanine substitution. The widening of the active site probably favors the transglycosylation activity observed in AgaB. These results indicate that an aromatic/hydrophobic residue is mandatory at position 336 for the hydrolytic mechanism. The results confirm that tryptophan is best suited to stack the non-reducing galactose end (lowest K m ). The hydrolytic activities against pNP-␣-glucopyranoside were also tested for all the mutants, which showed little to no activity ( Trp 336 is invariant in GH27 and GH36 ␣-galactosidases and ensures the selection of ␣-galactosides by extensive stacking of the terminal non-reducing unit (13, 16, 17) . In human ␣-galactosidase, the equivalent Trp 47 is substituted with glycine in some forms of Fabry disease (7). These results highlight the fundamental role of this tryptophan in the kinetic properties of ␣-galactosidases.
The catalytic mechanism of AgaB most likely involves the reformation of the Glu 355 -Asn 335 pair when the reaction product leaves the active site. We observe in all our AgaB-like structures that ligand binding requires the rupture of the Glu 355 -Asn 335 pair and the formation of a water pocket near Glu 355 . These water molecules in concert with the substrate could serve as a driving force that favors the displacement of the 335-350 segment during the catalytic reaction.
A significant shift in the optimum pH for the hydrolytic activity is observed between AgaA (pH 5) and AgaB or AgaA A355E (pH 6.5). Again, this difference seems to be due to the A355E substitution. The possible protonation of Glu pair, now stabilized by two hydrogen bonds, and in consequence disfavor the movement of Trp 336 toward subsite Ϫ1. A change in the pH can also directly affect the driving force of the water pocket, which seems to be absent in AgaA.
Different Thermophilicities-AgaA and AgaB are thermostable enzymes with temperatures of half-inactivation of 344 K for AgaA and 341 K for AgaB (19) . Despite having a similar thermal stability, the thermophilicity of the two isoforms is different (i.e. the optimal activity temperature). Indeed, AgaA displays a temperature optimum of 338 K under the given assay conditions, whereas AgaB reaches its optimum at 323 K. AgaA loses activity quickly with decreasing temperature and is nearly inactive at 298 K, whereas AgaB retains ϳ40% of its maximal activity. Mesozymes are optimally active at moderate temperatures between 293 and 333 K, and thermozymes are optimally active between 333 and 353 K with low activity below 313 K (36) . Consequently, AgaA can be classified as a thermozyme, but AgaB can be considered a mesozyme. Comparisons between psychrophilic and mesophilic enzymes allows us to understand the differential thermophilic properties observed between AgaA and AgaB. As mentioned previously, in AgaBlike structures, the Glu 355 -Asn 335 pair induces a K m increase for the natural substrates. Numerous psychrophilic enzymes have improved k cat values at low temperatures at the expense of K m values. From the kinetic and thermodynamic theories, it is well known that weak substrate binding is catalytically advantageous (37) . Indeed, the ground state enzyme-substrate complex falls in a less deep energy pit, reducing the subsequent energy barrier that is necessary for the reaction and the energy cost at low temperatures (38) .
Thermostable enzymes tend to be compact oligomers, similar to the tetrameric Aga (36) . On the other hand, protein structure analyses often reveal a better accessibility to the active site in psychrophilic enzymes in comparison with their mesophilic counterparts. This is the case with the Trp 336 displacement in native AgaB that widens the catalytic cleft. This larger opening of the active site was demonstrated, for example, in the structures of Antarctic fish elastase (39) and cold-active citrate synthase (40) . The gain in accessibility can help to reduce the energy required for substrate accommodation and/or reaction product release in the case of macromolecular substrates. All of these elements account for the different thermophilicities of AgaA and AgaB.
An Evolutionary Role for AgaB?-The two Aga isoforms are expressed in the thermophile microorganism G. stearothermophilus, and a question arises regarding the physiological relevance of AgaB, which has severely impaired hydrolytic activity. It has been proposed previously that the evolution of bacterial catabolic enzymes can proceed from a broad to a narrow substrate specificity to improve metabolic efficiency (41) . The course of adaptation to new substrates that are analogs to common growth substrates could require the development of altered specificities. At an intermediary stage of evolution, contemporary enzymes may be found with broad substrate specificity as was described previously for pyrocatechases I and II from Pseudomonas sp. B13 (42) . Hence, an "adapting" AgaB can have a broader substrate activity than AgaA but with detrimental affinities.
